The cattle protozoan parasite Tritrichomonas foetus has multiple forms of cysteine proteinases. To investigate their diversity, PCR and reverse transcriptase PCR were used to isolate genomic DNA and cDNA fragments, respectively, encoding different cysteine proteinases. Seven genes have been identified, TFCP3-6 from amplification of genomic DNA and TFCP7-9 from amplification of cDNA. Comparison of the predicted amino acid sequences indicates that the T. foetus enzymes are cathepsin-L-like rather than cathepsin-B-like in structure. However, there is considerable diversity among the proteinases. TFCP7 and TFCP8 are most similar to one another (78% identity), while TFCP3 and TFCPS are the least closely related (30% identity). All but one of the genes are single-copy, the exception being TFCP3, which was present in multiple copies in one of the three isolates examined. Single transcripts were detected for each of the seven genes. TFCP8 was expressed at the highest levels, while transcripts for TFCP4 were only just detectable. In T. foetus F2, the strain from which the genomic DNA and mRNA were isolated, transcripts of the five other genes were present at intermediate levels. When two other isolates were compared with F2, differences in the expression of individual genes were apparent, with either one or two of them not expressed. In spite of these differences the major cysteine proteinases detected in the three isolates using substrate-SDS-PAGE appeared identical. The data show that the multiplicity of cysteine proteinases in T. foetus is due, in part at least, to the presence of multiple genes and that some of the genes encode cysteine proteinases which are not among the high-activity enzymes detected previously.
INTRODUCTION

Tritrichomonas foetzls is a flagellate protozoan parasite t Present address: Beatson Institute for Cancer Research, CRC Beatson
Laboratories, Garscube Estate, Switchback Road, Bearsden, Glasgow G61 lBD, UK.
Abbreviations: CP, cysteine proteinase; RT-PCR, reverse transcriptase polymerase chain reaction.
The nucleotide sequences of TFCP3, TFCf4, TFCP5, TFCP6, TFCP7, TFCP8 and TFCP9 have been assigned the EMBL accession numbers X87776, X87777, X87778, X87779, X87780, X87781 and X87782, respectively.
which is the causative agent of bovine trichomoniasis, colonizing both male and female reproductive tracts. It is asymptomatic in bulls, but the infection in cows is more serious and usually leads to transient infertility and, more rarely, abortion and pyometra. The disease is common throughout the major cattle-rearing areas of the world where natural breeding is relied upon and results in substantial economic losses in these areas (Yule et al., 1989 ; Corbeil, 1994) . Like other trichomonads, T. foetzls contains high proteolytic activity due to at least 10 cysteine proteinases (CPs), the majority of which have apparent molecular masses of 18-34 kDa and appear to be lysosomal (Miiller, 1973; Lockwood et al., 1984 Lockwood et al., , 1987 . Proteinases, exclusively of the cysteine type, are also released into the culture medium during axenic growth in vitro (Lockwood et al., 1988; North et al., 1990a; Talbot et al., 1991) . CPs have also been reported to be present in the cervico-vaginal mucus of beef heifers artificially infected with T. foetzls (Yule etal., 1989) . It has been suggested that both the intracellular and extracellular CPs may play a role in host-parasite interactions (Lockwood et al., 1987 (Lockwood et al., ,1988 Yule etal., 1989; Burgess et al., 1990; Talbot et al., 1991) . Indeed, CP inhibitors such as leupeptin have been shown to reduce the contact-mediated cytotoxicity of T. foettls to mammalian cells (Burgess et al., 1990) , and T. foetus extracellular CPs cleave proteins relevant to the defence of the bovine female reproductive tract (Talbot et al., 1991) .
Although it is likely that proteinases have a role in the interaction of T. foetzls with its host, the enzymes have not been characterized in detail. Substrate and inhibitor studies on electrophoretically separated intracellular and extracellular enzymes have allowed some features of individual enzyme activities to be determined and have demonstrated differences in substrate specificity and inhibitor sensitivity between enzymes (North et al., 1990a) . This has suggested that some of the enzymes are distinct from one another, and this indirect evidence supports the view that at least some of the multiplicity in enzyme activities is due to multiple genes (North, 1991) . As little work has been done on CP purification (McLaughlin & Miiller, 1979; Irvine et al., 1993) , and it is only recently that a single short primary sequence has become available (Irvine et al., 1993) , the molecular basis of CP multiplicity has remained a matter of speculation. The polymerase chain reaction (PCR) has proved a useful starting point for the analysis of CP genes from a number of organisms, including many protozoan parasites (see Mallinson et al., 1994) . The aim of the work reported here was to use PCR to amplify genomic DNA, and reverse transcriptase PCR (RT-PCR) to amplify cDNA, to generate fragments which would allow the diversity among the CP genes to be investigated. The fragments were then used to analyse the variation in the organization and expression of the T. foetus genes.
METHODS
Growth of trichomonads and preparation of DNA and RNA.
A clonal cell line of T. foetus, F2 (Lockwood et al., 1984) , was used unless otherwise indicated. The other isolates used were Manley and Belfast; these were kindly provided by Dr M. Taylor (Central Veterinary Laboratory, Weybridge, UK). The parasites were grown in modified Diamond's medium (Diamond, 1957) as previously described (Lockwood et al., 1984) and harvested for DNA and RNA preparation in the exponential phase of growth by centrifugation. Genomic DNA, total RNA and poly(A)+ RNA were prepared as previously described for Trichomonas vaginalis (Mallinson et al., 1994) . The cDNA used in RT-PCR was synthesized using 5 pg total RNA primed with an oligo d T primer using a Pharmacia First-strand cDNA Synthesis Kit following the manufacturer's instructions. Five reactions were performed, and the products of these were combined ; the cDNA was purified by spermine precipitation as described (Davis e t al., 1986) and resuspended in 20 pl water.
PCR and RT-PCR. The degenerate oligonucleotide primers used in the PCR reactions to amplify CP gene fragments were based on consensus sequences of highly conserved areas flanking the active-site cysteine (primers 1 and 3) and asparagine (primer 2) (North et al., 1990b; Mallinson et al., 1994) . Those used with genomic DNA as the target (primers 1 and 2) were provided by D r J. C. Mottram (Wellcome Unit of Molecular Parasitology, University of Glasgow); those used with cDNA as the target (primers 2 and 3) were supplied by Genosys Biotechnologies (Cambridge, UK). The primers were synthesized with inosines in positions where all four bases were possible in a codon and with EcoRI or M l d recognition sites added to the 5' ends to facilitate cloning. The sequences were as follows, using the IUB Group Codes for the redundancies, and the cloning sites are underlined : primer 1, 5' CCGAATTCCARGGICARTGYG-GIWSITGYTGG 3'; primer 2, 5' CCGAATTCCCAISWRT-TYTTIACDATCCARTA 3'; primer 3,5' CCACGCGTCAR-GGICARTGYGGIWSITGYTGG 3'. Primer 3 was essentially the same as primer 1 except that an M l d cloning site replaced the EcoRI site at the 5' end to allow directional cloning and to minimize cloning of multiple inserts which sometimes occurred when cloning PCR products amplified using primers 1 and 2.
The primers were used in 100 p1 PCR reactions using the Perkin-Elmer Cetus GeneAmp kit components. When genomic DNA was the target, each reaction contained 100 ng parasite DNA and primers 1 and 2, each at a final concentration of 0.5 pM. The reaction conditions were as follows: denaturing, 94 OC for 1 min; annealing, 55 OC for 1 min; extension, 72 O C for 3 min, for a total of 30 cycles. When cDNA was the target, each reaction contained 2 p1 cDNA, which was heated at 94 O C for 5 min and quenched on ice immediately before addition, and primers 2 and 3 each at a final concentration of 0.5 pM. The reaction conditions were as above except that the annealing step was carried out at 35 "C. Appropriate controls were included in which PCR reactions contained the primers alone or in combination, but without the target DNA.
The PCR products were run on 4 YO (w/v) agarose gels (3: 1, wide range/standard, Sigma). The band of approximately 500 bp obtained from the PCR reactions was excised from the gel and cloned into the EcoRI site of pUC18. With the cDNA PCR reactions, the whole PCR reaction mix was purified and concentrated using Glassmilk (Life Technologies), and the fragment cloned into the EcoRIIMluI site of pSportl (Life Technologies). DNA from the resulting recombinant bacteria was analysed by restriction mapping, differential hybridization and partial sequencing. DNA sequencing. All sequencing was double-stranded and was carried out using the Sanger method (Sanger e t al., 1977) with the Sequenase enzyme (United States Biochemicals). Partial sequencing of the 5' and 3' ends of inserts in pUC18 was performed using pUC forward and reverse primers, and for pSportl with pUC forward primers and T7 primers (Promega). Clones of interest were sequenced completely in both directions using the primers appropriate for the vector or customsynthesized oligonucleotides (1 8-mers) based on previously determined sequences within individual inserts. The latter were purchased from Genosys Biotechnologies (Cambridge, UK) or synthesized by D r C. S. Gillespie (University of Stirling). Overlapping sequences were combined to give complete sequences and the predicted amino acid sequences determined using the computer program DNASIS (Pharmacia). Alignment of the amino acid sequences was performed by eye and using MultiAlin (Cherwell Scientific), which uses the algorithm described by Lipman & Pearson (1985 (Mallinson et a/., 1994) .
Gelatin-SDSPAGE. Analysis of proteinase activity on gelatin gels was carried out exactly as described previously (North, 1994) .
PCR amplification of genomic DNA encoding T. foetus CPs
By utilizing PCR and the standard CP primers (1 and 2), a single band of DNA of approximately 500 bp was amplified from genomic DNA of T. foetus F2 (data not shown). This was the expected size for a cathepsin-L-like CP gene if no introns were present. The band was excised from the gel and cloned into pUC18. A total of 71 recombinant clones were selected, and by using a combination of restriction enzyme analysis, partial DNA sequencing and differential hybridization, four different cloned DNA fragments were identified, each of which had a sequence resembling those of known CPs. Complete sequencing of the four cloned fragments and translation into amino acid sequences revealed that, as expected, each encoded the central region of a CP (Fig. 1) . The genes were designated TFCP3-6. Note that the designations TFCPI and TFCP2 have been given to two other T.
foetus CP genes which have recently been cloned in another laboratory (J. S. Ikeda, J. W. Thomford & L. B.
Corbeil, personal communication ; GenBank accession numbers U13153 and U13154, respectively).
Subsequent Northern blot analysis indicated that some of the genes identified after amplification of genomic DNA were poorly expressed (see Fig. 3 ), and so to ensure that well-expressed CP genes were among those examined, cDNA fragments were amplified by RT-PCR. Again a single band of approximately 500 bp was obtained (data not shown). Analysis of recombinant clones revealed three new sequences, each corresponding to the central region of a typical CP (Fig. 1 ). The genes were designated TFCP7-9. The TFCP8 sequence was frequently encountered among the recombinants (in 13 of 23 examined), suggesting that the mRNA was very abundant in the RNA preparation used for RT-PCR and that the gene was highly expressed .   TFCP3  TFCP4  TFCP5  TFCP6  TFCP7  TFCP8  TFCP9  TFCPl  TFCP2  TvCPl  TvCP2  TvCP3  TvCP4  DdCP2  Drosophila  HCL   TFCP3  TFCP4  TFCP5  TFCP6  TFCP7  TFCP8  TFCPS  TFCPl  TFCP2  TvCPl  TVCP2  TvCP3  TvCP4  DdCP2  Drosophila  HCL -30  40  50  60  70  80  90 100 Predicted amino acid sequences of TFCP3-9 Fig. 1 shows the predicted amino acid sequences for TFCP3-9 aligned with sequences for two other cloned TFCPs, four Tricbomonas vaginalis cysteine proteinases (TvCPs), Dictyostelium discoideum CP2, Drosopbila melanogaster CP1 and human cathepsin L. The latter three are among the non-trichomonad CPs which showed greatest similarity to most of the TFCPs (Table 1 ). For six of the genes (TFCP3, TFCP5-9) the cloned fragment included the primer sequences at both ends, but these are not shown in Fig. 1 . During cloning of TFCP4, however, a deletion occurred and a short section, which included the whole of primer 2 and part of the vector, was missing. It is most likely that besides the primer sequence only one other base had been lost from the insert, hence one less amino acid is predicted for TFCP4, although the possibility that additional C-terminal amino acids were encoded by the original PCR fragment cannot entirely be excluded.
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All the genes encoded CPs which are cathepsin-L-like in structure and their presence in T. foetus provides further evidence that CPs of the papain superfamily were present in the early eukaryotes (Mallinson et al., 1994; Berti & Storer, 1995) . Those residues which are highly conserved among eukaryotic CPs (see Berti & Storer, 1995) are present in most of the TFCP sequences. These include the active-site histidine (residue 163 ; this and all subsequent residue numbers correspond to those of human cathepsin L as given in Fig. 1 ) and other residues known to be important in the catalytic mechanism. The active-site cysteine and asparagine were encoded by the PCR primers and so lie outside the sequences shown. All cysteines involved in conserved disulphide bridges (positions 56, 65,98 and 156) are also present. While detailed analysis of the amino acid sequences is not provided and will await the availability of complete sequences, some features are worth noting here. Two unusual cysteines previously found in TvCP sequences (Mallinson etal., 1994) , are also present in the majority of the TFCP sequences. These are present at position 62 in all trichomonad sequences, except TFCP4 and TFCP9, and position 167 in TFCP4, TFCP6, TFCP7 and TFCP8 as well as in TFCP1, TvCPl and TvCP4. All the TFCP sequences include two extra residues between human cathepsin L residues 78 and 83, a feature characteristic of all the published flagellate CP sequences. A putative N-linked glycosylation site was present at position 140 in both TFCP7 and TFCP8. Table 1 shows the similarity between the TFCPs and other trichomonad CPs and some representative nontrichomonad CPs. The seven TFCPs were considered to fall into one of three groups, a conserved group (TFCP6, TFCP7, TFCP8) which show the greatest similarity to one another (> 62 % identity), a diverged group (TFCP3, TFCP5 and TFCP9), each of which has less than 44% identity with any of the other TFCP sequences and, in an intermediate position, TFCP4 which has 44-47 YO identity with members of the conserved group. Within the conserved group, TFCP7 and TFCP8 are most closely related (1 19 residues in common, 78 YO identity). The CPs in this group are also similar to one of the other cloned T. foettls CPs, TFCPl (J. S. Ikeda and co-workers, personal communication), and to the four TvCPs (Mallinson et a/., 1994) . Among the diverged group, TFCP3 and TFCP9 are the least similar to one another (47 residues in common, 30 % identity). The closest relationships between members of this group and other trichomonad CPs are those of TFCP5 and TFCP2 (48% identity) and TFCP9 and TvCP3 (47% identity). In general, the diverged TFCPs are almost as close to non-trichomonad CPs as they are to other TFCPs or TvCPs. In contrast, members of the conserved group are significantly closer to one another than to any non-trichomonad CP, but they are also, in most cases, more similar to non-trichomonad CPs than are the diverged TFCPs.
Genomic organization of T. foetus CP genes
The organization of the seven T. foettls CP genes was examined in F2, the clone whose DNA and RNA were used to derive the PCR fragments, and in two independent isolates, Manley and Belfast. DNA was digested using EcoRV, an enzyme which did not cut within any of the fragments, and Southern blot analyses were performed using complete cloned fragments as probes (Fig. 2) . It
On: Mon, 05 Aug 2019 11:41:29 should be noted that the hybridization signal for the Manley strain is not as intense as for the other strains, as less DNA was loaded for this strain. Each probe gave a different pattern of bands with the three isolates. This confirmed that each was recognizing a unique gene under the stringency conditions used.
For three of the TFCP genes (4, 6 and 4, the EcoRV fragment size was the same in all three isolates (approximately 8~2~2 . 3 and 4 2 kb, respectively). With TFCP5 and TFCP7, clone F2 differed from the Manley and Belfast isolates. The TFCP7 fragment size was 5-0 kb in F2 and 4.4 kb in Manley and Belfast. For TFCPS, the band in F2 was 2.3 kb, and a faint band equivalent to this was also apparent in Belfast. However, the major TFCPS band in Belfast was approximately 4.4 kb and a band of similar size was the only one found in Manley. The Manley strain shared a common TFCP9 band (approximately 10 kb) with F2, while in Belfast the band size was 8 kb.
TFCP3 showed a more complex pattern. Three bands were apparent in F2 DNA (approximately 5.0, 6.6 and 7.2 kb), suggesting a multiple-copy gene in this clone. In each of the other strains only one of these bands was apparent, the 7.2 kb band in Manley and the 6.6 kb band in Belfast. No other TFCPP bands were seen in Manley or Belfast DNA, even on prolonged exposure of the autoradiogram, indicating that these strains had only a single copy of the gene.
Expression of T. foetus CP genes
Northern blot analysis of poly(A)+ RNA from T. foetus F2
showed that all four of the CP genes amplified from genomic DNA were expressed, albeit at contrasting levels (Fig. 3) . It also confirmed the presence of the mRNA for the three genes identified by RT-PCR. Single transcripts were recognized in every case. The transcripts of five of the genes (TFCP5-9) were approximately 1-1 kb; those of TFCPP and TFCP4 genes were slightly larger at approximately 1-3 kb. These were similar in size to the Trichomonas vaginalis transcripts which encode CPs with typical proregions but no C-terminal extension (Mallinson etal., 1994) . It seems likely that the products of the TFCP genes are similar in this respect.
The transcript of the TFCP8 gene was by far the most abundant (note the much shorter exposure time used), as had been predicted from the frequency with which its cDNA was encountered among RT-PCR clones. That of TFCP7, another gene identified after RT-PCR, appeared to be the second most abundant. In clone F2, transcripts for TFCPS, TFCP6 and TFCP9 were also readily detectable. Thus all three of the conserved group of genes (TFCP6-8) were well expressed, as were two of the diverged genes (TFCP5, TFCP9). The transcripts of TFCPP and, in particular, TFCP4 were present at very low levels. Gene expression was strain specific, and transcripts for two of the genes, both from the diverged group, were not detectable in one or both of the other isolates (Fig. 3) . TFCPS transcripts were absent from the Manley strain but were as abundant in the Belfast strain as in F2. Neither the Manley nor the Belfast strain appeared to express TFCPP. This gene was multiple-copy in F2 but single-copy in the other two strains (Fig. 2) , and it is possible that only the 5 kb fragment, present in F2 but absent from the other strains, represented a gene which could be expressed. Transcripts of the three conserved genes were present in both Manley and Belfast strains, as were those of two of the diverged genes (TFCP4, TFCP9).
Proteinase patterns
SDS-PAGE analysis of T. foetus proteinases using gels incorporating gelatin reveals multiple high-activity CPs (Lockwood etal., 1987; North etal., 1990a) . Although the three isolates analysed in this study showed differential expression of some of the CP genes (Fig. 3) patterns were very similar (Fig. 4) . Similar results have been obtained using fluorogenic substrates (not shown). Among the major proteinases the only difference was with a fast-running band seen in Manley and Belfast but apparently absent from F2. Since all the major proteinase bands detected in F2 were also present in Manley and Belfast, those genes which were not expressed in one or both of the latter strains, namely TFCPP and TFCPS, cannot encode any of these enzymes. These two genes are in the diverged group, and the enzymes encoded could have atypical properties which affect their stability and/or substrate specificity, preventing them from being observed using substrate-SDS-PAGE methods. Novel assay methods may be required to detect the products of these genes.
DISCUSSION
As judged by the complexity of the band patterns obtained by substrate-SDS-PAGE, trichomonads produce a greater number of CPs than most other organisms (North, 1991) . This raises two major questions, the first of which concerns the molecular basis of the multiple forms, and the second the nature of the cellular processes which would require such a diverse array of CPs. Although it is not yet possible to provide full answers to either of these questions, the results presented here have offered some clues.
With respect to the molecular basis of the multiplicity, it is now clear that, like Trichomonas vaginalis (Mallinson et al., 1994) , Tritrichomonas foetas has several different CP genes. In the present study we have identified seven genes, and as these are distinct from two others recently cloned from another T. foetas strain (J. S. Ikeda and coworkers, personal communication), it appears that this parasite has at least nine CP genes. At present the link between individual genes and enzymes remains to be established. The absence of the TFCPP transcript from the Manley and Belfast strains, and of the TFCPS transcript from the Manley strain, was not reflected in the proteinase band pattern (Fig. 4) , and so the products of these two genes are not among those detected to date. An N-terminal amino acid sequence has been obtained for a 25 kDa T.foettrs CP (Irvine e t al., 1993) , but because the CP N-terminus lies outside the region encoded by the PCR fragments it was not possible to match this enzyme to any of the genes. However, another CP has recently been purified from T.foetus conditioned buffer (Thomford e t al., 1996) , and this has an internal sequence (15 amino acids) which matches exactly the sequence predicted for the product of the TFCP8 gene. Purified proteinase preparations give three low-molecular-mass activity bands (< 31 kDa) (Thomford e t al., 1996) , and since the TFCP8 sequence includes a putative N-linked glycosylation site (Fig. l) , these multiple activity bands could be due to differential carbohydrate modification of the product of this gene. TFCP8 is one of the conserved group of genes, and it is possible that this group is entirely responsible for the high activity CPs detected using substrate-SDS-PAGE.
The diversity revealed here among the TFCP genes is much greater than that found previously for the TvCP genes. Nevertheless the proteinase pattern of T. foetzts is less complex than that of Trichomonas vaginalis, with respect to both the number of enzymes and the range of apparent molecular masses (Lockwood e t al., 1987; North et al., 1990a 
shown in Fig. 1, TFCP7 and TFCP8 are more similar to one another (1 19 identical residues) than is cathepsin L to either cathepsin S (78 identical residues) or cathepsin K (Inaoka et al., 1995) (85 identical residues). Indeed, they are as close to one another as are human and mouse cathepsin Ls (116 identical residues). On the other hand, TFCP3 and TFCP9 (47 identical residues) are more distant from one another than is cathepsin H from cathepsin L (61 identical residues), and they show a similar degree of similarity as cathepsin 0 (Velasco et al., 1994) does to cathepsin L and cathepsin S (50 and 47 identical residues, respectively).
The degree of diversity reported for cathepsin-L-like CPs in other parasites is less than that in Tritrichomonas foetzls. Multiple CP genes are present in kinetoplastids (trypanosomes and leishmanias) but these include tandemly-linked copies of identical or closely related genes (Mottram et al., 1989 ; Souza e t al. , 1992 ; Lima et al. , 1994) , and there is no evidence for equivalent sets of genes in trichomonads. A recent study based on RT-PCR has identified five cathepsin-L-like CP genes in the liver fluke Fasciola hepatica (Heussler & Dobbelaere, 1994) . The two most diverged of these share 47 7'0 identity (within the section shown in Fig. 1 ) and the two most similar share 84 YO identity. Thus these represent a more closely related set of CPs than the TFCPs.
In multicellular organisms or unicellular organisms with complex life cycles, CP gene expression is often developmentally regulated (Berti & Storer, 1995) . The presence of multiple CP genes may reflect differing requirements for proteolysis at particular developmental stages and in various specialized cells. It is widely thought that trichomonads do not undergo differentiation, and so there would appear to be no possibility of stage-specific CP expression. There is some evidence for two different morphological forms of Trichomonas vaginalis, although their significance is unclear, but the major CPs produced by these two forms are the same (Scott e t al., 1995) . Anyway, the present study has shown, at least for Tritrichomonasfoetus clone F2, that the seven TFCP genes are expressed simultaneously, suggesting that all the CPs are likely to be required at the same time. Whether CP gene expression is selective under conditions which are more physiological than axenic culture remains to be established. The major CPs of trichomonads are lysosomal and extracellular (Lockwood et al., 1988) , and so their major role is likely to be in the breakdown of extracellular proteins. It is difficult to envisage, however, why so many different CPs would be required to fulfil a general digestive role, and this raises the possibility that some of the CPs might have more selective functions. If this is so, then it might be predicted that the diverged group of CPs would be involved, since these are more likely to have the distinct properties required for a specialized role. It will be interesting to see whether the conserved and diverged TFCP groups not only have different functions but are also targeted to different locations within the cell. Analysis of the complete structure of individual genes should shed further light on this.
